Abstract. -It is shown by scanning tunnelling microscopy (STM) that the Ir(100) surface can be used as a template to form other nanostructures after it has restructured upon exposure to hydrogen. Extremely long and defect-free Ir nanowires produced in the restructuring process can be decorated by, e.g., Fe so that FeIrFe nanochains develop as sandwiches of atomically thin Fe and Ir wires. Laterally they recur with 1.36 nm periodicity on average, i.e. two atomic rows are missing between two sandwiches. By additional deposition of Fe this space can be filled so that the vacancy spaced {FeIrFe} lateral superlattice transforms to a {Fe4Ir} superlattice. Their crystallography is determined by quantitative low-energy electron diffraction (LEED).
The H/Ir(100) surface as a laterally structured template. -For the formation of nanowires one usually makes use of vicinal surfaces. The surface steps are decorated by the atoms or molecules of the material deposited which, after spatially random adsorption, diffuse to the step edges. There they are and remain attached when the step-edge sites are energetically favoured over sites on the plain terrace. Of course, this only takes place when the diffusivity is large and/or the terrace width small enough to prohibit island growth. In fact, in a number of cases monoatomic chains or stripes below nanometer width have been grown by this step decoration procedure (e.g., [1] [2] [3] [4] [5] [6] ). For monatomic nanowires of Co on Pt even ferromagnetism was discovered [7] . Yet, mainly due to the fact that the steps are not perfectly straight but exhibit, e.g., kinks, these nanowires lack perfection, too.
Therefore, there is need for more perfect templates and we show in the present letter that the recently found hydrogen-induced reconstruction of Ir(100) [8] represents an almost ideal case in this sense. We demonstrate by scanning tunnelling microscopy (STM) that by Fe deposition on this surface FeIrFe nanowires form which are sandwiches of atomically thin Fe and Ir wires. Laterally, they recur with an average periodicity of 1.36 nm equivalent with a vacancy spaced {FeIrFe} superlattice. Further Fe deposition fills the space between the sandwiches so that laterally a {Fe 4 Ir} superlattice results. We report the crystallography of both superlattices as determined by quantitative low-energy electron diffraction (LEED) and so we start to fill a gap because little is known about the structure of nanowires and superlattices. The hydrogen-restructured Ir(100) surface, Ir(100)-(5 × 1)-H, results when the (5 × 1)-hex reconstruction of the surface, Ir(100)(5×1)-hex (which is the stable phase of the surface [9] [10] [11] [12] [13] [14] ), is exposed to hydrogen [8] . Above a temperature of about 180 K, atomic wires made up by the 20% extra atoms accommodated in the (5×1)-hex surface layer are expelled to the very surface in a zip-like process. Eventually they reside as straight chains on the then unreconstructed substrate [8] . As shown in fig. 1 , their extension is huge (up to micrometer size) and they are free of defects. Their lateral order depends largely on the details of preparation, in particular the temperature of exposure to hydrogen and the subsequent annealing procedure [8] . Locally, almost equally spaced Ir wires with a periodicity of 5a can be obtained (with a = 2.72Å the in-plane lattice parameter of Ir(100)). Yet, also 3a and 7a spacings exist and even locally periodic 3a/7a sequences can appear by special preparation conditions [8] . In any case, the average coverage of Ir wires is equivalent to 0.2 monolayers (ML). The reader should also note that, though hydrogen atoms are needed to stabilize the unreconstructed substrate, their positions are unknown as they are detected neither in the STM nor by LEED [8] .
Experimental and computational. -Deposition of iron on the hydrogen-restructured Ir surface as shown in fig. 1 was made using an electron beam evaporator supplied with highly purified Fe and operated at a deposition rate of about 0.2 ML/min. During operation, the pressure in the ultra-high vacuum (UHV) apparatus was below 10 −10 mbar. Sample heating was accomplished via electron bombardment whilst cooling was achieved by direct contact to a liquid-nitrogen reservoir. From the LEED stage, provided with a home-made retractable 3-grid rear-view optics, sample transfer could be made to the second vessel (< 10 −11 mbar) hosting a beetle-type STM operated at room temperature and, in the present case, negative tip voltages. For LEED intensity measurements entire diffraction patterns taken at normal incidence and with the sample at about 90 K were recorded in steps of 0.5 eV in the energy range 50-600 eV by means of a 12-bit digital CCD camera [15] . At each energy 8 images were averaged and stored. Intensities resulted by off-line evaluation from a pixel-wise and backgroundcorrected summation within a frame around each spot. Intensity vs. energy spectra, I(E), of symmetrically equivalent spots were averaged and slightly smoothed when necessary.
The intensity calculation was performed using the TensErLEED program package [16] , which provides the tensor LEED perturbation method [17, 18] to consider geometrical, chemical [19, 20] , and vibrational [21] surface properties. Electron attenuation was described by a constant imaginary part of the inner potential, V 0i = 5.0 eV. The real part, V 0r , was allowed to vary with energy E as calculated via a program package provided by Rundgren [22, 23] and yielding the dependence V 0r = V 00 + max{−10.79, 0.22 − 78.24 E/eV + 7.22} eV with V 00 adjusted in the course of the theory-experiment fit. In order to determine the occupation of sites between the Ir wires and to account for substitutions of Ir-wire atoms by Fe, the average t-matrix approximation (ATA) was used [24, 25] . The structural search was made by a frustrated simulated annealing procedure [26] guided by the Pendry R-factor R P [27] . The latter was also applied to quantify the quality of the best fit. The R-factor variance was used to estimate statistical errors of the analyses, whereby parameter correlations were neglected as usual (though they can lead to a substantial increase of errors [28] ).
Results and discussion. -At first, 0.4 ML Fe were deposited on the Ir-wire template shown in fig. 1 . After transfer to the room temperature STM stage, images as that displayed in fig. 2a ), b) result whereby different deposition temperatures in the range 90-370 K lead to no noticeable modifications. Evidently, the Ir wires are decorated on both sides by Fe atoms so that FeIrFe sandwich chains are formed as illustrated in fig. 2c ). The chemical order is rather good, though not perfect. Occasionally, the decoration of one of the two sides of the Ir wire seems to be uncomplete and/or laterally more distant sites are occupied. Presumably, this comes by spatial fluctuations of the local density of Fe atoms after deposition in combination with some limited diffusion. Also, the amount of Fe deposited might be slightly smaller or larger than 0.4 ML, so that decorating sites are vacant or other sites are occupied.
The lateral order of the sandwich chains corresponds to that of the Ir wires, i.e., for ideal 5-fold periodicity an ideal vacancy spaced {FeIrFe} superlattice results. When more and more Fe is deposited, all sites between the Ir wires are occupied so that, eventually, a Fe 4 Ir surface compound -equivalent to a lateral {Fe 4 Ir} superlattice-is formed as displayed in fig. 3 . As shown recently, this full coverage state of the surface layer can also be obtained by deposition of Fe on the (5 × 1)-hex phase of Ir(100) without preceding exposure to hydrogen, yet with a much poorer degree of order [29] which, presumably via local atomic displacements, also affects the LEED intensity spectra.
For the structural analyses of the {FeIrFe} and {Fe 4 Ir} superlattices LEED intensity spectra were taken with the sample at about 100 K in both cases. The accumulated data-base energy widths amount to ∆E = 5958 eV (3800+2158 eV) and ∆E = 6404 eV (2188+4216 eV) for {FeIrFe} and {Fe 4 Ir}, respectively (in brackets the widths for the subsets of integer and fractional order beams are given). The intensity data were input to structural searches whereby, according to the STM images ( figs. 2, 3) , a model accounting for both cases could be applied as given in fig. 4 . Ideal 5-fold periodicity of the Ir wires could be assumed in the calculations as occasional deviations from it have only very little influence on the structure of the spectra, to which the fit is made by use of the Pendry R-factor. This is due to the negligible mul- [8, 14] ). The structural searches converge to best-fit structures equivalent to Pendry R-factors R P = 0.20 and R P = 0.11 for {FeIrFe} and {Fe 4 Ir}, respectively. The good quality of the fits is also evident from the visual comparison of experimental and best-fit spectra, as demonstrated Due to the smaller atomic radius of Fe compared to Ir (r Fe = 1.24Å, r Ir = 1.36Å) and the bonding between Fe atoms and second-layer Ir atoms, both the first and second layer must be and indeed are buckled. For, e.g., {FeIrFe} the calculated bond length of the no. 2 Fe atom is 2.68Å to the top layer Ir atom and 2.56Å to the no. 2 Ir atom in the second layer. Reasonably, these values differ by not more than about 3% from the sum of the elements' covalent radii Table I The structural parameters determined earlier for the {Fe 4 Ir} superlattice, which, however, resulted by deposition of Fe directly on the Ir(100)-(5 × 1)-hex without preceding exposure to hydrogen [29] , are within the limits of errors the same as obtained in the present work. However, due to the much better crystallographic order resulting by Fe deposition on the already restructured surface Ir(100)-(5 × 1)-H, the quality of the theory-experiment fit is much improved as mirrored by the R-factors (R = 0.11 compared to R = 0.22 [29] ). The structural closeness of the two fits means that hydrogen -if still on the surface after Fe has been deposited-has only little effect on the positions of the metal atoms.
Recent first-principles calculations applying density-functional theory (DFT) [30] revealed that simple decoration of steps or, similarly, atomic wires might not be thermodynamically favourable. So, for iron deposited on a Cu(117) vicinal surface, which similarly to the present case owns also fcc(100) terraces, it was shown that the stable case results by incorporation of Fe atoms below the inner corner site of the step by atomic exchange which leads to a higher coordination for the Fe atom. Yet, a high activation energy has to be overcome for this exchange so that the stable state will probably not be assumed at practical temperatures [30] . For the more strongly bound Ir (compared to Cu) the activation energy might be even higher, so that the metastable simple decoration is more probable. Also, given the much larger difference in covalent radii between Ir and Fe (∆r = 0.12Å) compared to Cu and Fe (∆r = 0.04Å), atomic substitution might be less favourable. On the other hand, the large difference in radii makes the simple Fe decoration of the Ir less favourable compared to that of the Cu steps. This is because a free-standing ferromagnetic and linear Fe wire (though being unstable) would have an interatomic spacing of only 2.25Å [30] . Though this increases to a spacing of 2.48Å when the Fe solid is formed, the latter value is still considerably smaller than the spacing of 2.72Å required to decorate the Ir rows. As a consequence, the Fe wire has to be considerably stretched in order to decorate the Ir wire atom by atom. Certainly, the corresponding energy cost must be overcompensated by the Fe-Ir bonds established at the same time. So, quite interesting energetics is involved in the superlattices presented here which makes them, together with their magnetic properties, interesting systems for first-principle calculations. Very recent such calculations applying spin-dependent density-functional theory (DFT) aimed to resolve both the geometry and the magnetism of the {Fe 4 Ir} superlattice [31] . It appears that by assuming high-spin Fe the experimentally observed buckling is largely reproduced. Yet, on the other hand, the interlayer spacings fit much more favourably to experiment when the Fe atoms are non-magnetic. Therefore, though the authors' interpretation of their results is -on the whole-in favour of ferromagnetism in the top layer, we feel that a final prove can only come by the measurement of magnetism which is planned for the near future.
In conclusion, we have shown that the hydrogen-restructured Ir(100) surface with its arrangement of long and defect-free Ir nanowires can be used as a template for the formation of further nanostructures, in particular sandwiches of chemical different atomic wires which, for Fe deposition, has been shown to lead to {FeIrFe} and {Fe 4 Ir} lateral superlattices. The twosided decoration of a monatomic nanowire is interesting also from the basic physics as it is, though analogous, rather different from the usual only one-sided step decoration. With one of the species tending to accommodate a high spin, as Fe in the present case, such sandwich wires and the related lateral superlattices may become of technological interest by their magnetic properties. Currently, experiments using Co and Ni as decoration material are carried out in our laboratory exhibiting similar features as observed for Fe, though they are different in detail. * * * The authors are indebted to Deutsche Forschungsgemeinschaft (DFG) for financial support.
